INTRODUCTION
Pool [1] , referring to the association ofjoint space narrowing following poliomyelitis, septic arthritis, inflammatory disease, trauma and osteoarthritis, demonstrated a roentgenographic joint space reduction of at least fifty percent in twenty-five of two hundred patients. Anderson [2] noted increased medial joint space width not only in Legg-Perthes disease, but also in over one-half the patients suffering from "irritable hips." Sheck [3] used the width of the joint to help identify roentgenographic evidence of hip disease. These studies have stressed qualitative, rather than quantitative, aspects of joint space width changes (as determined radiographically).
During the natural course of slipped capital femoral epiphysis a few patients manifest symptomatology that has been defined as "cartilage necrosis" or "chondrolysis" [4] [5] [6] [7] [8] [9] [10] [11] [12] . This is characterized by decreasing joint function, increasing pain, muscle spasm and contracture development. Joint motion may disappear completely, presumably due to a fibrous ankylosis. The reported incidence has varied from one percent (2 of 185 patients) [13] to forty percent (19 of 47) [14] . Other studies also have shown high rates of incidence: twenty-eight percent (36 of 127) [15] , twenty-eight percent (11 of 39) [16] , sixteen percent (28 of 166) [17] , and fifteen percent (15 of 100) [17, 18] . Altogether over two thousand cases have been reported, with an average incidence of 7.7 percent (170 cases). Infrequently during the treatment of mild slipped capital femoral epiphysis with extended immobilization of both hips, chondrolysis has developed in the opposite, presumably normal hip [9, 17] .
Roentgenographically, cartilage necrosis, or chondrolysis, is diagnosed by "narrowing" of the joint space and subsequent irregular ossification of the acetabulum and proximal femur. The joint space may disappear completely in some cases.
Despite this qualification of joint space "narrowing," there has been virtually no attempt to quantify the process. Maurer [16] defined narrowing up to one-half the original width of four to five millimeters, but gave no further data. Hartman [7] described the normal width as five to seven millimeters by their technique, but did not quantify the extent of narrowing. Hartman [7] and Low [17, 18] described partial to complete restoration of the joint space in a certain number of patients, but again failed to quantify their results.
Since the width of the joint space appears to change during the natural course of both uncomplicated slipped capital femoral epiphysis as well as cases complicated by cartilage necrosis, we felt that a more objective quantitative measurement of this parameter might be useful, particularly for subsequent comparative purposes. Throughout the remainder of this paper we will use the term cartilage space in lieu of joint space, since the radiolucent "space" that we have studied is comprised of reasonably congruent cartilage of the proximal femur and acetabulum, and the "6narrowing" appears to be a manifestation, in part, of changing volumes of articular and hyaline epiphyseal cartilage.
Our technique has been applied to ascertain the group(s) most at risk for severe narrowing, the degree to which such narrowing occurs, the natural course of the phenomenon and the efficacy of various treatment methods. In addition, histological and radiological material from an ongoing study of proximal femoral development [19] will relate the normal processes of ossification center expansion and epiphyseal maturation to apparent cartilage space changes.
CLINICAL MATERIAL Roentgenograms of each patient receiving their initial operative treatment for slipped capital femoral epiphysis at the Newington Children's Hospital from 1953 to 1973, and the Yale University Medical Center from 1958 to 1973 were reviewed. Antero-posterior films were considered acceptable for the study if the coccyx was aligned with the symphysis pubis, thus showing both hips in a reasonably uniform mtanner. Initially, lateral films were also studied, but precise comparison films were very difficult to obtain, so these views were not used for mensural studies. Patients without sufficient comparable antero-posterior roentgenograms were excluded from the study. One hundred and twenty-five patients with a diagnosis of slipped capital femoral epiphysis were initially reviewed, but only eighty-three had films satisfactory for this study. Of these eighty-three patients, twenty-five had unilateral disease, allowing comparison between an involved and a presumably normal hip; follow-up in each case was at least eighteen months. The remaining fifty-eight patients had bilateral slipped capital femoral epiphysis, which, invariably, was asymmetric in degree (severity) of slip; these allowed comparison of joint space changes relative to initial presentation, but not to an opposite normal side. In unilateral involvement, the initial films of the affected hips, as well as the contralateral unaffected hips, were used as controls. Thus, two effects were examined: the width variation between the slipped and unaffected side, and the width variation of the slipped side over time. In bilateral involvement, it was necessary to use the initial film of the affected hip as the baseline control, and only the width variation over time could be studied.
Cases with an obvious diagnosis of cartilage necrosis (chondrolysis), based primarily upon clinical symptoms and signs of pain, spasm and loss ofjoint function, rather than roentgenography per se, were arbitrarily excluded from the study, since our purpose was to ascertain trends of narrowing in various groups, and inclusion of obviously affected (i.e., cartilage necrosis) patients would undoubtedly bias the measurements due to severe narrowing and even obliteration of portions or all of the cartilage space.
MEASUREMENT METHOD Using the standard antero-posterior roentgenogram described previously, the following steps were taken ( Figs. 1 and 2 ):
1. A line was drawn connecting the superior edges of the obturator foramina. 2. Perpendiculars to this base line were drawn to form chords of twenty-five millimeters along the medial aspect of each femoral head.
3. A second chord of similar length was drawn perpendicular to the first chord, along the superior region of each femoral head. 4 . In each femoral head the chords were bisected to obtain the "center" of the femoral head. Since femoral heads, especially the immature proximal femoral ossification centers, are not perfect circles, it was necessary to arbitrarily use these perpendiculars to obtain uniformity of measurement among cases.
5. The centers of the two femoral heads were connected. 6. Using a protractor centered at the femoral head "center," angles of 45, 60, 75, 90, 105, 135 and 150 were marked.
7. The connecting radii were drawn. Usually five radii (45-105) crossed the radiologic joint space.
8. The distances between the ossified edge of the acetabulum and the capital femoral ossification center were taken at each of the five radii and averaged.
9. The diametric thickness of the femoral head was measured, preferably at 135 degrees; otherwise at 150 degrees. This measurement allowed standardization of cartilage space width values if there was a large diametric difference.
10. The width of the space between the capital femoral ossification center and the medial aspect of the acetabulum was measured along the line connecting the femoral head "centers."
Although no formal reliability and validity tests were conducted on the mensuration technique, roentgenograms of nine patients were examined by this method by three different individuals and revealed no significant discrepancies (less than five percent variation in two cases and less than two percent variation in seven cases).
CLINICAL RESULTS Cartilage space narrowing qualitatively and quantitatively affected all patients with slipped capital femoral epiphysis as part of the biological response to either the disease, the surgical procedure, or both. Since all of the patients from the aforementioned hospitals had surgical treatment once the diagnosis of a slip was made, there were no comparisons for differentiation of the natural course of the disease between non-operated and operated patients. In general, Black females and Black males tended to show greater narrowing of the cartilage space (both minimum cartilage space width and quantitative change from the initial presentation); these two groups also tended to be most affected by severe rather than mild slips. Table 1 summarizes the averaged data obtained from the twenty-five patients with unilateral disease. Nine patients developed cartilage space narrowing greater than one-third of the initial width; six of these patients improved, while three had not resolved after a post-operative follow-up of at least eighteen months. Black females appeared to have more narrowing than the other groups and continued to have the narrowest joint spaces in the final roentgenograms; interestingly, both affected and unaffected sides of the Black females were narrower than any other group. Black females and Black males showed greater quantitative narrowing from two standpoints-overall narrowing (i.e., minimum cartilage space width attained during course of follow-up) and amount of decrease from the initial presentation width (1.6 and 1.9 millimeters respectively for females and males). The final cartilage space width for males (both individualized and total) appeared to be greater than or equal to the initial presentation width, whereas the final cartilage space width for females (both individualized and total) appeared to be less than the original presentation width (although greater than the minimum cartilage space), although neither set of data was statistically significant. Patients undergoing osteotomy seemed to exhibit more narrowing than patients undergoing in situ pinning, which might be expected, as the former group tended to have more severe slips. However, the patients undergoing osteotomy tended to have a greater rebound compared to patients with in situ pinning. Both operated groups showed a rebound in which the operated side became wider than the unaffected side. Again, these results were not statistically significant.
With the exception of two of the twenty-five cases, the unaffected hips did not demonstrate the phenomenon of cartilage space narrowing and rebound, but rather showed a small, linear decrease from an initial value of 4.8 millimeters to a final value of 4.3 millimeters. The affected side seemed to narrow more than the unaffected side, but eventually rebounded to become the wider side. Narrowing of greater than onethird the initial width was associated only with the affected side. Table 2 presents the averaged data of all affected hips of the entire study group. Overall the minimum cartilage space width was 3.6 millimeters and was attained nineteen months after surgery. Virtually every patient exhibited a decrease in the cartilage space width at some point in the post-operative course (p = 0.0001), with the affected side demonstrating more narrowing relative to the unaffected side, and asymmetric narrowing in the bilateral cases, with both sides, in general, demonstrating greater narrowing than the average "normal" value derived from the unilateral cases. The maximum, and usually final, cartilage space width of affected hips, was 5.5 millimeters and was attained twenty-three and a half months after surgery. Thus, rebound from the cartilage space width nadir appeared to be rapid relative to the time taken to reach the minimum value.
Looking more closely at the various groupings of bilateral cases, observations similar to the unilateral cases became evident. Black females appeared to have the lowest overall values for both the minimum and maximum cartilage space widths, and took the longest post-operative time intervals to attain each value. This was particularly evident for the recovery (rebound) phase, which averaged thirty-seven months. The minimum and maximum values for all females were less than the males, which may be a manifestation of a hormone/cartilage response. None of the values were statistically significant, but merely reflected trends.
Response to surgery showed that in situ pinning appeared to be associated with less narrowing and greater rebound than either osteotomy group (Table 2 , although the quantitative change from minimum to maximum in each group was similar (1.8, 1.9 and 2.2 millimeters). The greater narrowing probably is a reflection of the severity of the slips treated by each operative method. The patients undergoing osteotomies other than biplane took longer to attain a lesser cartilage space maximum than patients undergoing in situ pinning.
The follow-up period for the bilateral cases ranged from forty-four months to ninety-three months, with an average value of sixty months. Thus, the follow-up period was longer than the usual time for most of these phenomena to occur. The average difference between the minimum and maximum cartilage space widths was 1.9 millimeters. All groups, including Black females, showed a response close to this average. Thus, the primary problem in patients with severe narrowing (who seem most likely to develop cartilage necrosis) appears to be the initial response, or narrowing, following the slipped epiphysis, and not the ability of the cartilage to recover from the narrowed state.
Perhaps the most important observation from this study was the failure to find any major statistical differences between study groups that would corroborate empiric differences stated in the medical literature. Hopefully, longer patient studies, done in a similar fashion, may evolve data that will be statistically significant.
ANATOMICAL STUDY
Since we ascertained that the cartilage space narrowed in the normal hips of unilaterally affected individuals, and since no data are currently available concerning changes in the proximal femur during adolescence (i.e., histologic changes, continued enlargement of the epiphyseal ossification center, etc.), we obtained proximal femurs from an on-going study of skeletal development being conducted in our laboratory [19] . These proximal femurs were removed during autopsy from children dying consequent to tumor (nonskeletal primary) or accident. None of the children had received steroids. All had been active and weight bearing at least two weeks prior to death. Eleven cases, aged 9½2 to 18 years, were available. The ages were chronologically determined, as it was not feasible to obtain post-mortem hand films for skeletal age determination. Both proximal femurs were removed in seven cases, and one proximal femur in four cases. Only three acetabula were removed; because of this small number these were not included. The cases are summarized in Table 3 .
All specimens were roentgenographed intact and again after slab sectioning in the coronal plane, with the position of the intact specimen in a position duplicating neutral rotation of the clinical films. In order to negate magnification factors (which certainly were a consideration in the clinical phase), all specimens were placed directly on the protected sheet film (Kodak RP/M2). Because of the air/specimen interface, the cartilage was also evident radiologically. Photography of the gross specimens was also done. Following fixation in formalin, the specimens were decalcified in formic acid and embedded for celloidin sectioning. These histologic preparations were stained with hematoxylin and eosin or Safranin 0.
The specimen roentgenograms were measured utilizing the same basic technique described in the clinical study, except that the chords intersected the cartilage contours rather than the ossification center contours. The same angular reference points of 45, 60, 75, 90, and 105 degrees were used. At these points the thickness of the cartilage from the edge of the ossification center to the articular surface was determined and averaged for each specimen in the unilateral cases and the paired specimens in bilateral cases. These cartilage width values are summarized in Table 3 .
Because of the scatter of chronological age and sex, an arbitrary means of classification based upon the roentgenographic appearance of the physis was devised. Any physis that was completely open across the diameter of the femoral head was classified 1. Any physis that was closing centrally, but still open peripherally was classified 2. Any physis that was completely closed was classified 3. The classification results are given in Table 3 and representative sections are shown in Fig. 3 .
Using this physical classification scheme the average cartilage width of nine Figure 3F ) that the decreased thickness was greater adjacent to the growth plate periphery, along the epiphyseal side of the physis, rather than in the superior weight bearing areas. This was accompanied by a gradual narrowing and disappearance of hyaline cartilage along the superior and posterior developing femoral neck (the anterior femoral neck is usually relatively free of any hyaline cartilage or fibrocartilage).
If we assume that the radiologic cartilage space is approximately one-half cartilage of the proximal femur and one-half cartilage of the acetabulum (as it appears to be in the few cases where acetabula were also available), and further, that there is at least a twenty percent magnification factor in the clinical x-rays, then the values obtained for decreasing thickness of the cartilage in the anatomical specimens are almost the same as the values obtained for the decreasing thickness of the cartilage space of the unaffected side in unilaterally involved patients in the accompanying clinical study. DISCUSSION Cruess [20] reported cartilage necrosis in two of three Black patients, and the involved patients described by Orofino [15] were all Black. Wilson [21] studied 240 patients, twelve of whom developed cartilage necrosis; nine patients were Black and six developed cartilage necrosis. Maurer [16] found a high incidence of cartilage necrosis in patients of Polynesian (Hawaiian) ancestry. These studies are usually cited as indicative of racial susceptibility to the complication, although the qualification must be made that many of these studies were conducted in hospitals with high Black or Hawaiian patient populations. Nonetheless, our previous epidemiological study demonstrated that Black children have a higher risk of occurrence of the disease (SCFE), severity and complications [22] . Furthermore, our current study, which included twenty-eight Black and fifty- (arrows) in the non-weight bearing areas, as compared to 3D. As the femoral head slips posteriorly and inferiorly, this area that normally appears to narrow more extensively would be rotated into a weight-bearing position.
ence in cartilage space mensuration in Black patients (especially Black females) compared to White patients. This difference for Black females was manifested in the narrowest overall cartilage spaces during the course of the disease and narrowest final cartilage space widths. Even the unaffected side in unilaterally involved Black patients appeared to show a narrower cartilage space width than comparable uninvolved hips of White patients. Thus, we support the concept that there appears to be a racial response (and/or susceptibility) that is manifested by increased cartilage space narrowing consequent to slipped capital femoral epiphysis, irrespective of whether the patient develops cartilage necrosis. As will be discussed later (in the biomechanics section), this quantitatively greater narrowing in Black females may be a major factor predisposing the hip to subsequent pathophysiologic change (i.e., cartilage necrosis).
In most studies the male: female ratio varies from 2:1 to 4:1 [23] . In a concomitant study that we recently conducted at four hospitals involving 415 patients, there were 263 boys and 152 girls, giving a 1.66:1 ratio [24] . In sharp contrast the sex ratio in chondrolysis as a complication of slipped capital femoral epiphysis is approximately 1:5 male:female. In the current cartilage space width study the Black female group demonstrated a greater overall decrease and duration of narrowing relative to the other population groups. The White females also tended to have narrower cartilage spaces during the course of the disease, compared to White males, and to the end results in Black males; however, these differences were not statistically significant. Further, the accompanying overall patient study (415 patients) revealed additional data that might explain female predisposition [24] . Bilateral disease was most frequent in Black females, and females in general showed the highest incidence of bilaterality. The bilateral cases tended to have more severe involvement of at least one hip, if not both. Relative endocrine status may also play a role, with the affect of estrogens being further maturation of the subchondral bone plate under the articular surface, while testosterone would allow further cartilage deposition before final maturation of the subchondral plate [25] . Within each sex acceleration of maturation of proximal femur is greater for children who reach puberty relatively early (particularly in girls experiencing menarche prior to the thirteenth year) [26, 27] . The histologic specimens did not appear to show any significant sex differences, although additional specimens will be obtained, when possible, to ascertain whether a cytoarchitectural difference does exist between male and female.
There also appears to be a distinct entity of idiopathic chondrolysis that is unassociated with slipped capital femoral epiphysis. This disease occurs in adolescents at or near the time of closure of the capital femoral epiphysis, and demonstrates an even more striking race-and sex-oriented incidence. Duncan [28] summarized eight patients; seven were females and five were Black. Jones [29] described the syndrome in seven Black females. Wenger [30] described two White females. Golding [5] described thirteen cases, all involving females (twelve Black and one Indian). In the discussion of Golding's paper several others stated they had encountered the entity: of those mentioning sex of the patient, all described female involvement, and apparently all cases involved White patients [5] .
While many studies have recognized cartilage necrosis as a severe complication of slipped capital femoral epiphysis, documentation of spontaneous recovery by restoration of the cartilage space (cartilage regeneration) has been sparse. Lowe [18] reported that all of his cases evinced some widening of the cartilage space following the initial narrowing; this was associated with symptomatic improvement. Hartman [7] found that nine of twenty-eight patients (32 percent) demonstrated some evidence of restoration of the cartilage space. In this study the range of onset of cartilage necrosis varied from being present when the patient was initially seen (i.e., prior to any surgery) to eight months after surgery, while the apparent onset of regeneration ranged from four to twelve months after recognition of the necrosis. Similarly, in idiopathic chondrolysis, both Golding [5] and Wenger [30] have advised caution in following these patients, since partial to complete spontaneous recovery is not uncommon. In particular Wenger [30] stated that both patients were still symptomatic one year after onset of pain and limitation of joint motion, but that both were asymptomatic by two years. Our current study has considerable relevance to this phenomenon. In the majority of our patients there was initial narrowing of the cartilage space (most extreme in Black females), and virtually all groups showed a similar quantitative recovery that averaged 1.9 millimeters (including the Black female group). However, Black patients took an average of thirty months to achieve this degree of recovery, while White patients only took an average of twenty months.
Black females took the longest to recovery (thirty-seven months). Therefore, recovery from cartilage space narrowing would appear characteristic of patients with slipped capital femoral epiphysis, whether or not cartilage necrosis supervenes. The major difference in the group usually affected by chondrolysis (Black female) is the overall extent of cartilage space narrowing, and a possible etiologic mechanism that affects this stage should be sought. The ability to recover may not be totally compromised. Therefore, we caution against reconstructive surgery until an adequate follow-up period has lapsed.
Changes in the articular cartilage of patients with slipped capital femoral epiphysis were briefly described by Elmslie [31] in a paper devoted to the pathology of coxa vara. Not until 1930 was anything more definitive published, at which time Waldenstrom [12] elucidated extreme thinning of the femoral head cartilage and complete loss of acetabular articular cartilage, and suggested that the altered synovium was in some way responsible for the process. Ekholm [32] also supported the contention that synovial dysfunction was an important pathomechanism. Cruess [20] studied two cases histopathologically and concurred with the synovial dysfunction theory. Rutishauser [33] suggested synovial ischemia and reactive pannus formation. Lowe [18] also examined one case pathologically and speculated that the damaged superficial layers of the articular cartilage were secondary to loss of normal synovial secretions.
Golding [5] initially suggested an immunological mechanism due to the presence of immune complexes in the surface layers of the articular cartilage that would lead to a synovial reaction directed at removal of these complexes, but which would destroy some surface cartilage in the process. Particles of articular cartilage introduced into the joint can certainly produce a synovitis [34] , and others have suggested degradation products of articular cartilage eventuate in the synovitis accompanying osteoarthritis [35, 36] . Mankin [23] suggested that chondrolysis is an autoimmune response to articular cartilage antigens, following either autolytic degradation of cartilage or secondary to changes induced by neovascularization. Once initiated a selfperpetuating synovitis could cause further cartilage destruction. This process may not necessarily be an all-or-none phenomenon, and certainly may be race-or sex-linked. Further immunologic studies, as outlined by Mankin, should be undertaken in the different groups to see if significant race and sex differences do exist.
Rennie [11] advanced a seemingly new theory that cartilage necrosis was caused by articular cartilage being unusually (abnormally) sensitive to pressure. Such a biomechanical etiology would be compatible with a synovitis/immunologic basis, with the latter predisposing to the former. However, the biomechanics might be altered consequent to the initial slip or treatment modalities such as heavy traction, immobilization or early osteotomy, and set up preconditions for development of synovitis or an autoimmune reaction.
Joint surface incongruency is a feature of the human hip joint [37] . This incongruency may be necessary to ensure adequate circulation of synovial fluid within the joint. If fine incongruencies of curvature are significant in the provision of a tolerable environment for loaded cartilage, the loss or alteration of the incongruency could initiate an inexorable process of cartilage failure. Walker [38] showed that very small differences in diameter could produce very large differences in stress patterns, and that the peripheral regions of the acetabulum might become substantially non-weight bearing. This could lead to softening and fibrillation of the cartilage of these areas and thus to a more general breakdown of cartilage of the femoral head and remainder of the acetabulum. Within the posterior-inferior redirection of the femoral head in slipped capital femoral epiphysis, the normally narrower areas could be repositioned into weight-bearing areas, and the acetabular margins would become less weight bearing. The ability of such areas to respond, hypertrophy and function to allow effective incongruent relationships may be a primary factor in the eventual development of cartilage necrosis.
In most patients both hips showed cartilage space narrowing regardless of whether measureable slipping occurred unilaterally or bilaterally. Nevertheless, recurrent widening eventually restored most of the cartilage space. While Black females showed more narrowing than other groups, no racial, sexual or therapeutic group demonstrated significant differences. In general, females, Blacks and major surgical methods (i.e., osteotomy), combined with severe slipping, were associated with the narrowest cartilage spaces.
The widening process seemed to occur in three phases: an early, unpredictable phase lasting about three months, a second phase of linear increase that could last up to five years, and a stable, final phase, or end point, marked by little or no widening. Regular measurements during the second, linear phase may be useful in predicting the eventual outcome.
Although unaffected hips behaved similarly to affected hips in patients with unilateral disease, the lack of a control group of normal children of the same race, sex and age who underwent regular roentgenographic examinations over the same time periods is an unavoidable defect in our study. The possibility that cartilage rebound may be completely unrelated to the disease and merely a facet of normal maturation cannot be completely excluded. However, the accompanying anatomical studies suggest that the cartilage space is normally reduced in a progressive linear fashion. Furthermore, the widening response may be mechanistically similar to what Pauwels [39] has described following osteotomies in adult osteoarthritis, and thus related to biomechanical alterations rather than being an intrinsic response to the pathologic process causing the slip.
